In this study, a prototype single cylinder engine (capacity 948cc) was fuelled with H 2 in both naturally aspirated (NA) as well as in supercharged (SC) conditions and ignited with the help of spark ignition (SI) and laser ignition (LI) respectively. It was observed that H 2 engine operated efficiently beyond λ=2.0 in supercharged conditions. Using LI, the peak cylinder pressure and NOx emissions (> 300 ppm) reduced with supercharging. Brake thermal efficiency (BTE) increased with increasing brake mean effective pressure (BMEP) and were higher for LI (40.35%) compared to SI (32.29%) at 3.987 bar BMEP. Lower exhaust gas temperature (EGT) and brake specific fuel consumption (BSFC) were observed for LI with supercharging (LI_SC) compared to SI with naturally aspirated (SI_NA) at stoichiometric conditions.
Introduction
Environmental safety is a major driving force for the automotive internal combustion (IC) engine technology, which can be obtained by reducing regulated emissions as well as reductions in CO 2 emissions [1] . H 2 is being considered as a viable energy carrier for the future and could be efficiently converted into a useful energy without detrimental environmental effects. Amongst advanced ignition systems, laser ignition has emerged as an efficient ignition system, which might resolve the difficulties associated with conventional spark plug system [2] . In LI compared to SI, optical frequency of laser beam is higher than the plasma frequency. Therefore, laser beam can propagate into the interiors of the plasma, where it gets absorbed with high efficiency near the focal point [3] . Energy from spark in SI system cannot propagate into the plasma and plasma is sustained by absorption within a thin layer near plasma surface [3] . In PFI system, gaseous fuel expands in the intake manifold, which displaces the air required for combustion. At stoichiometric conditions, the volumetric efficiency was decreased by 29% in case of H 2 , however due to being more energy dense on a mass basis, this deficit reduced to 15% [4] . Using conventional SI system, some amount of unburned H 2 was present in its exhaust irrespective of its very fast burn rate and a very small quenching distance at all λ [5, 6] . When H 2 burned in an engine, its combustion produces significant NOx and small amounts of HC and CO due to presence of traces of lubricants. NOx concentration in the exhaust is primarily a function of the equivalence ratio [7] .
Experimental Setup H 2 flame kernel growth at different conditions were studied inside a CVCC with Nd:YAG laser at 1064 nm and images were captured at 54000 fps using high speed camera. A single cylinder diesel engine (Kirloskar, DM-10; 948 cc; CR 11; Bore x stroke: 102 x 116) was modified to operate on H 2 . Figure 1 shows the schematic of the engine with supercharging arrangement. The major challenges in this study were to design of port fuel induction system, efficient supercharging system, fuel injection strategy development, appropriate schronization of laser pulse with spark timing (laser triggering circuit development) and controls to prevent engine backfire. A custom build high flow rate solenoid gas injector was used to supply H 2 into the intake port. For this an injector triggering circuit was designed using a microcontroller (Arduino; Uno) to actuate the injector, which generated a 5V TTL pulse that activated the injector driver module. The injector driver module then converted this 5V pulse to 8A-2A peak and hold current output, which controlled opening and closing of the solenoid injector. The duration of opening was varied using a potentiometer fitted in the circuit. The algorithm of the code was embedded into the microcontroller. As soon as microcontroller receives an input signal, the code embedded in it reads another input from the potentiometer and generates a triggering pulse shape. Exhaust line consists of a lambda sensor, a muffler and opening for exhaust sampling. A DC dynamometer was used for loading and unloading the engine. The amount of air inducted into the combustion chamber was controlled by a throttle valve and could be measured with the help of an orifice-plate fitted in the laminar flow element (Merium; 50MC2-2F). The experimental test bench was initially operated using conventional spark ignition system under naturally aspirated conditions and then shifted to laser ignition with supercharged conditions. For supercharging, the test bench was equipped with an air compressor (Kaesser, SM12), which delivered compressed air at 6.0 bar pressure. This compressor was driven by a 7.5 kW electric motor, and allows varying the inlet pressure. Figure 1 (left) shows modification in the intake system for supercharging. The engine was operated either naturally aspirated or under supercharging condition by a manual ball-valve (Figure 1 (right) ), which was connected to the other elements of the intake air circuit. These elements included a pressure gauge, a pressure regulator, and a surge tank. All experiments were performed at constant engine speed of 1500 rpm with varying throttle conditions. These experiments were performed to compare combustion, performance and emissions of H 2 with varying load (from no load to 30 Nm load) and varying λ. For laser ignition, plasma was created inside the engine cylinder using a 2.5 mm diameter aperture fitted on the laser head and a converging lens of 50 mm focal length fitted in the laser spark plug.
Results and Discussion
CVCC experiments were performed at two different chamber pressures 5 and 10 bar and two different relative air-fuel ratios λ = 1, and λ = 2 respectively. It was observed that flame kernel growth were approximately 4 times faster at λ = 1, 10 bar compared to λ = 2, 5 bar chamber initial pressure (Figure 2 ). This shows that H 2 combustion at λ = 2 resembled gasoline stoichiometric conditions. The engine was initially operated using conventional SI at stoichiometric conditions (λ=1.0) and later it was operated with LI using lean mixture (λ=2.1) with supercharging. Figure 3(a) shows the in-cylinder pressure (P), HRR and CHR w.r.t. crank angle degree (CAD) for both LI (lean and supercharged condition) and SI (stoichiometric and naturally aspirated condition) of H 2 -air mixture. It was evident that maximum in-cylinder pressure (P max ) decreased due to supercharging. Crank angle position of P max shifted away from TDC with supercharging and HRR spread more horizontally. CHR was observed to be higher in case of LI with supercharging due to superior ignition and efficient burning. Figure 3(b) shows the variation of engine performance parameters such as brake thermal efficiency (BTE), brake specific fuel consumption (BSFC) and exhaust gas temperature (EGT) w.r.t. BMEP for both LI and SI of H 2 -air mixtures. For LI, BTE increased from 12.31% at 0.663 bar BMEP to 40.36% at 3.978 bar BMEP, whereas for SI, BTE increased from 10.24% to 32.29% upon increasing BMEP from 0.66 bar to 3.31 bar. BTE for LI was higher compared to SI. Higher BTE was related to superior combustion of H 2 -air mixture inside the combustion chamber. This was due to fact that energy density generated by laser beam for ignition was more intense than the electrical spark plug. From Figure  3(b) , it is evident that EGT increased upon increasing the BMEP for both LI and SI combustion. For SI_NA, EGT increased from 490°C to 556.9°C and for LI_SC; it increased from 259°C to 314.8°C upon increasing BMEP from 0.66 bar to 3.987 bar. This behavior was due to different flame front propagation for LI combustion and SI combustion. In SI combustion, flames propagated in the form of a flame front and it started from the spark plug and propagated radially. Highest temperature was observed in the reaction zone i.e. inside the flame front. On the other hand, for LI, flames front propagation was caused by multiple explosions inside the flame kernel. Therefore flame front propagated volumetrically and temperature distribution was relatively more uniform in the combustion chamber. Additionally, in case of SI, spark plug electrodes were located close to the cylinder head therefore the flames had to travel relatively longer distances, therefore combustion continued for relatively longer time, leading to heat being released deeper into the expansion stroke, resulting in hotter exhaust gas. Figure 3(b) shows that increasing BMEP reduced BSFC, which means that at higher engine loads, lesser hydrogen quantity was required to produce unit power output. Also BSFC were relatively lower for LI compared to SI combustion. At higher BMEP, BTE was also higher therefore lesser hydrogen quantity was required to produce unit power output at higher engine loads. For SI, BSFC decreased from 0.294 kg/kWh at 0.66 bar BMEP to 0.0.092 kg/kWh at 3.978 bar BMEP. For LI, BSFC decreased from 0.271 kg/kWh to 0.074 kg/kWh for same increase in BMEP. Figure 3(c) shows that emissions were higher, especially NO x in SI, which is undesirable. This could be reduced by using lean burning of hydrogen. NO x emissions are generally dependent on peak temperature inside the combustion chamber and were observed to be maximum at higher BMEP (~4500 ppm with SI_NA, while less than 300 ppm for LI_SC). Since in case of LI, temperature distribution was more uniform inside the combustion chamber, unburned charge was not exposed to localized extreme temperatures. For SI, extreme temperatures were available in the flame front. Therefore, tendency of NO x formation was relatively higher because the combustible charge was in direct contact with high temperature flame front. CO emission was negligible and HC and CO 2 emissions were also insignificant. This was due to absence of carbon in the fuel. Traces of HC and CO 2 emissions were observed because of combustion of lubricating oil thrown into the combustion chamber due to ring dynamics. For LI, HC emissions were 0 ppm at 0.663 bar BMEP and 3 ppm at 3.978 bar BMEP. For SI, HC emissions were 4 ppm for 0.663 bar BMEP and 9 ppm for 3.978 bar BMEP. CO 2 emissions for LI were negligible. For SI, CO 2 emissions were 0.02% at 0.66 bar BMEP and remained same upto 3.978 bar BMEP. Therefore compared to SI, in case of LI, emissions reduced significantly.
